In all three domains of life, DNA replication begins at specialized loci termed replication origins. In bacteria, replication initiates from a single, clearly defined site. In contrast, eukaryotic organisms exploit a multitude of replication origins, dividing their genomes into an array of short contiguous units. Recently, the multiple replication origin paradigm has also been demonstrated within the archaeal domain of life, with the discovery that the hyperthermophilic archaeon Sulfolobus has three replication origins. However, the evolutionary mechanism driving the progression from single to multiple origin usage remains unclear. Here, we demonstrate that Aeropyrum pernix, a distant relative of Sulfolobus, has two origins. Comparison with the Sulfolobus origins provides evidence for evolution of replicon complexity by capture of extrachromosomal genetic elements. We additionally identify a previously unrecognized candidate archaeal initiator protein that is distantly related to eukaryotic Cdt1. Our data thus provide evidence that horizontal gene transfer, in addition to its well-established role in contributing to the information content of chromosomes, may fundamentally alter the manner in which the host chromosome is replicated.
I
t is well established that Archaea and Eukarya possess orthologous machineries for DNA replication (1, 2) . Despite these similarities in the protein machineries, initial studies suggested that there may be a fundamental difference in the modes that archaea and eukaryotes employ to ensure genome duplication. More specifically, studies of Pyrococcus abyssi and Halobacterium NRC-1 revealed that these species appear to use a single origin of DNA replication per chromosome (3, 4) . This contrasts markedly with the situation in eukaryotes where many origins are present per chromosome (5, 6) . However, multiple replication origins have now been discovered in the chromosomes of the crenarchaeal hyperthermophiles Sulfolobus solfataricus and Sulfolobus acidocaldarius (7) (8) (9) . It is currently unclear whether other archaeal species also utilize multiple replication origins. Furthermore, is not yet understood how Sulfolobus acquired these multiple initiation sites during the evolution of its genome. In general, eukaryal DNA replication represents a more complicated version of that in archaea, and it is clear that multiple gene duplication events have given rise to some of this complexity. For example, the archaeal MCM (minichromosome maintenance) complex is typically a homomultimer. Contrastingly, all eukaryotes have at least six related MCMs that form a heterohexamer (10) . Although gene duplication events can explain the evolution of heteromultimeric protein assemblies, they do not readily account for the development of multiple origin systems. This is particularly evident when the sequences of the three Sulfolobus replication origins (termed oriC1, oriC2, and oriC3) are compared. Although all three are bound by the candidate initiator proteins, the sequence motifs used at the three are strikingly diverse, hinting at independent derivations of the three origins (7, 9) . In archaea, the candidate initiator proteins are homologous to the eukaryotic initiator proteins Cdc6 and Orc1. In eukaryotes, these proteins together with Orc2-6 act to recruit MCM to origins of replication in a reaction that absolutely requires an additional factor, Cdt1 (6) . Although archaea possess orthologs of Orc1, Cdc6, and MCM, no archaeal homolog of Cdt1 has yet been identified.
In the current work, we reveal that Aeropyrum pernix has at least two replication origins, indicating that the multiple replication origin paradigm is not restricted to the Sulfolobus genus.
Comparison of the A. pernix and Sulfolobus origins reveals a clear relationship between these loci. Further, analyses of the gene order and identity in the environment of the origins provides evidence for the evolution of replicon complexity by capture of extrachromosomal elements. Additionally, we identify a conserved ORF adjacent to one of the origins in Sulfolobus and Aeropyrum that has sequence similarity to the essential eukaryal replication factor, Cdt1. This archaeal factor is predicted to have domain organization reminiscent of bacterial plasmid replication initiator proteins, hinting at the evolutionary derivation of Cdt1. Finally, we reveal that this factor binds sequence specifically to replication origins.
Results and Discussion
Previously we have demonstrated that the highly conserved Sulfolobus Cdc6-1 protein binds sequence specifically to a consensus motif, the ORB element, that is conserved at many of the predicted origins in a variety of archaeal species. We had formerly identified several ORB elements within a 700-bp noncoding region in the hyperthermophilic crenarcheote A. pernix (7) . Recently, biochemical analysis has confirmed origin activity at this site (11) . Comparison of the nucleotide sequence of the three Sulfolobus origins with this A. pernix origin (AporiC1) revealed a previously uncharacterized motif (UCM) in the center of all four sites (Fig. 1) . A second copy of the UCM was found in the Aeropyrum genome, within a 270-bp noncoding region, on the opposite side of the circular chromosome from AporiC1 (12). Although we could not detect any ORB motifs at this second UCM-containing locus, we note that both UCMcontaining loci sites coincide with two GC skew disparity minima, predicted by a bioinformatic Z-curve analysis of the A. pernix genome (13) . We hypothesized that the A. pernix genome harbors at least two initiation sites, centered on these UCMs. The activity of these replication origins was subsequently confirmed in vivo, by two-dimensional agarose gel electrophoresis (Fig. 1) . Arcs corresponding to active replication initiation sites were detectable at both putative origin sites; flanking restriction sites only show evidence of replication forks. Thus, A. pernix replicates its genome from at least two initiation sites, revealing that multiple origin usage is not exclusive to the Sulfolobus genus. The UCM appears to be an important signature motif in the center of origins in Sulfolobus and Aeropyrum. We speculated that this motif might also be found in origins of replication in other relatives of Sulfolobus. Indeed, examination of the Hyperthermus butylicus (14) and Metallosphaera sedula genomes (www. ebi.ac.uk/genomes/wgs.html) reveals the presence of UCMs in these species. We observed that three out of four of the UCMs in the H. butylicus and M. sedula genomes are located adjacent to ORB elements, whilst the fourth UCM lies in a locus that is similar to S. solfataricus oriC3. [For details, see supporting information (SI) Fig. 6 .]
Comparisons of the origin loci of Aeropyrum and the Sulfolobus species revealed an intriguing mosaic-like nature to the genes at A. pernix oriC2 (AporiC2), with some homologues found at S. solfataricus oriC1 (SsoriC1) and others at SsoriC3; we could not detect any homologies with genes in the vicinity of SsoriC2. There was a marked transition point within this hybrid arrangement, separating the SsoriC1-and SsoriC3-locus homologues (Fig. 2 ). This abrupt change in homology was bordered by an ORF encoding a viral integrase element (ORF Sso0262) at SsoriC1 (Fig. 2 ), adjacent to a tRNA gene, a feature typical of many prokaryotic viral integration sites (15) (16) (17) . Additionally, at the AporiC2 locus, a tRNA-Arg gene was found at the opposite end of the region of SsoriC1 homology (Fig. 2) . Sequence analysis of the environment around this tRNA revealed homology to integrase elements. We also observed that tRNA genes and viral integration genes appear to be associated with SsoriC3 and AporiC1. Although it is possible that this phenomenon could simply indicate a preference for extrachromosomal element integration at origins of replication, we believe that these elements could play a more fundamental role in shaping the architecture of the origin-containing loci, for the reasons detailed below.
Examination of the genomic environment at the oriC3 loci of S. solfataricus and S. tokodaii (18) revealed a large inversion of Ϸ58 kb between the two species ( Fig. 3 and Table 1 ). Significantly, the origin was contained within the inversion, and the gene order surrounding the initiation sites was completely conserved. In addition, the region was flanked by tRNA genes. An almost identical pattern of gene distribution was also observed at the S. acidocaldarius oriC3, although there was one clear intrafragment translocation of 21.5 kb (Fig. 3) . The absence of insertion sequences and MITEs (miniature inverted-repeats transposable elements) in the S. acidocaldarius genome has led to the proposal that the gene order in S. acidocaldarius most closely resembles that of the last common ancestor of modern Sulfolobus species (19, 20) . A double inversion of the 21.5-kb and 36.5-kb fragments in S. acidocaldarius could have produced the gene order displayed in the 58-kb S. tokodaii fragment. Notably, an S. acidocaldarius ORF (Sac1391), residing within the conserved region only 8.5 kb from oriC3, displayed strong homology to the Sulfolobus plasmid copy number control protein, copG. This gene is likely to have been introduced into the genome as a result of the integration of a hyperthermophilic plasmid or virus. Homologues of the copG gene were also observed in both the S. solfataricus and S. tokodaii conserved fragments (Sso6805 and ST3657, respectively). We wished to ascertain whether additional genes around Sulfolobus oriC3 could have originated from an extrachromosomal element. In all three Sulfolobus species the ORF Sso0867 (ST1249; Sac1405) was located beside oriC3. The A. pernix homologue of Sso0867 (Ape1996) was also adjacent to AporiC2. Although we could not detect any other homologues of the Sso0867 protein in the National Center for Biotechnology Information database by conventional BLAST searching, we note that this protein displays limited homology (34% similarity, 21% identity) to the C-terminal region of Saccharomyces cerevisiae replication initiator protein, Cdt1 (Fig. 4A) . Although this level of homology is very low, the analogous regions of Cdt1 from budding and fission yeasts only have 32% similarity and 18% identity. With this modest homology in mind, and by analogy with the association of Sulfolobus oriC1 and oriC2 with Orc1/ Cdc6 homologues, we speculated that the proximity of the Sso0867 homologues to the Sulfolobus and Aeropyrum origins might implicate this gene in origin function (see below). It should be noted that, in S. solfataricus, Sso0867 is located Ϸ85 kb away from the nearest Orc1/Cdc6 homolog (Cdc6-2). Further bioinformatics analysis of Sso0867 allowed us to identify potential functional domains. Alignment of the four archaeal Sso0867 homologues reveals two highly conserved domains in the N-and C-halves of the protein, separated by a less conserved central region ( Fig. 4B and Table 2 ). Similarity searches demonstrated that the N-terminal region consisted of a winged helix-turnhelix (wHTH) DNA binding domain. In addition, the C-terminal domain also showed weak similarity to a wHTH (Fig. 4B ). This arrangement of two wHTH domains is reminiscent of the RepA plasmid initiator protein from the bacterium Pseudomonas. Significantly, structural similarities have previously been observed between bacterial RepA and archaeal Cdc6 initiator proteins (21 As can be seen in Fig. 5 , Sso0867 binds the origin region producing a specific DNaseI footprint (Fig. 5) . We also observed that the incubation of Sso0867 with Cdc6-1 or Cdc6-2 (but not Cdc6-3) seemed to enhance this interaction (Fig. 5) . Furthermore, Sso0867 also binds to SsoriC1 and SsoriC2 (data not shown). In light of the modest homology with Cdt1 and likely structural homology to bacterial plasmid initiator protein, we propose the name WhiP (for Winged-Helix Initiator Protein).
Thus, we have revealed that a copG plasmid copy number control homologue is closely associated with oriC3, and in addition we have identified an archaeal origin associated protein, WhiP. This previously unrecognized protein binds replication origins and is reminiscent of the bacterial plasmid initiator, RepA. Furthermore, a number of genes, which may play roles in stress responses, lie in the vicinity of these two plasmid-derived genes ( Fig. 3 and Table 1 ). In this regard, it may be significant that the megaplasmid of the hyperthermophilic bacterium Thermus thermophilus possesses a number of genes that are thought to confer growth advantages in thermogenic environments (24) . We therefore suggest that this portion of the Sulfolobus genome, including the copG, whiP, stress-related genes, and also the origin itself, was introduced by an extrachromosomal element. Such an event could have conveyed a selective advantage for cellular proliferation in adverse environments by both supplying additional stress response genes and reducing the time taken to replicate the host chromosome.
It has been theorized that, in all three domains of life, some DNA informational proteins (those involved in replication, recombination, repair and transcription) may have originated from a plasmid or virus. Indeed, it has been suggested that functional analogues of DNA informational proteins derived from extrachromosomal elements could be responsible for the numerous nonorthologous gene displacements observed in a variety of organisms (25) . It has even been proposed that the cellular DNA genomes of the eukaryal, archaeal, and bacterial progenitors themselves may have originated from a viral source (26, 27) . We have provided evidence that the genomic region encompassing Sulfolobus oriC3 has been captured from a virus or a viral/plasmid hybrid. Could extrachromosomal element capture also have played a role in the evolution of multiple initiation sites in the eukaryotic domain? Certainly, horizontal gene transfer has been confirmed as a significant evolutionary mechanism in unicellular eukaryotes (28) . Further evidence for horizontal gene transfer in eukaryotic cells is provided by the yeast plasmid 2 circle, a naturally occurring element present in most Saccharomyces strains. The 2 initiation site is structurally reminiscent of the phage origin of replication, but also encompasses the ARS motifs conserved at all S. cerevisiae origins (29) . It therefore seems likely that this plasmid was derived following the interaction of a viral element with the yeast genome. Perhaps similar interactions between the genomes of ancient eukaryotes and extrachromosomal elements may have contributed to the development of the multiplicity of replication origins that we observe today.
Materials and Methods
Neutral/Neutral 2D Agarose Gel Electrophoresis. Asynchronous A. pernix cultures were grown under aerobic conditions at 90°C on a magnetically stirred heating block (Stuart CB302) in Difco Marine Broth 2216 (BD Biosciences, San Jose, CA), supplemented with 4 mM sodium thiosulfate. Cells at early/mid-log phase (OD 600 of 0.3), with a doubling time of 4 h, were harvested by centrifugation (7,000 ϫ g for 10 min at 4°C), and washed and suspended in chilled 0.5 M NaCl/50 mM Tris (pH 7.4) to an OD 600 of 600. Genomic plugs were made by immobilizing the cells in an equal volume of 0.8% low melting point agarose (Biogene, Cambridge, MA) and poured into plug molds (Bio-Rad, Hercules, CA). The treatment of the genomic DNA within agarose plugs and 2D gel analysis was performed as described (7) .
DNaseI Footprinting and Purification of the WhiP and Cdc6 Proteins.
DNaseI footprinting assays were performed as described (7) . The ORF of WhiP was amplified by PCR with primers that introduced restriction sites for NdeI and XhoI at the start and stop codons, respectively. The gene was cloned into the pET30a expression vector (Novagen, Madison, WI). The resultant plasmid encoded the WhiP protein fused to a hexahistidine tag. The WhiP and Cdc6 proteins were purified as described (7). A.
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